Movement-related cortical potentials (MRCPs) are negative potentials over the scalp, which gradually increase prior to voluntary movements, and might be applied to elucidate the cortical efferent function of the mandibular movements. We compared the MRCPs accompanying various mandibular movements to study the motor control mechanism underlying these movements. Electroencephalograms (EEGs) were recorded from 11 electrodes placed over the scalp (F3, Fz, F4, T3, C3, Cz, C4, T4, P3, Pz, and P4), according to the International 10-20 System, and electromyograms (EMGs) were obtained from surface electrodes over the masseter muscle and the anterior belly of the digastric muscle. Ten healthy subjects were requested to make brisk and self-paced mandibular movements in 4 different directions (mouth-opening and -closing, and left and right lateral movements). We obtained MRCPs by averaging the EEG, using the visually determined EMG onset as a trigger signal. In all the movements, a slowly increasing, bilaterally widespread negativity starting 1.5 to 2.0 sec before the EMG onset (Bereitschaftspotential, or BP proper) was observed, with the maximum over the vertex region. The negative slope (NS') occurred about 300 to 700 msec before the EMG onset. The cortical maps of BP/NS' (BP and NS' combined), immediately prior to the mouth-opening andclosing, showed a symmetrical distribution, whereas that for the lateral movements showed a tendency of predominance over the hemisphere ipsilateral to the direction of the movement. BP/NS' amplitudes at the onset of movement differed significantly or tended to do so between open, close, and lateral movements, suggesting that MRCP recordings may thus provide a means to explore the role of the cerebral cortex in the control of mandibular movements.
INTRODUCTION
Little is known about the cortical mechanism mediating even simple mandibular movements. It has become clear from studies of the effect of ablation (Larson et al., 1980) , electrical stimulation (Sessle et al., 1995) , and single-neuron recordings (Lund and Lammare, 1974; Hoffman and Luschei, 1980) in monkeys that two cortical areas, the primary face motor area and the cortical masticatory area, are involved in jaw movement, but those mechanisms in humans have not been explored precisely.
Komhuber and Deecke (1965) first recorded a slowly increasing negative cortical potential called movement-related cortical potentials (MRCPs) beginning about 1 sec before voluntary movements. The Bereitschaftspotential (BP proper), the negative slope (NS'), and the motor potential (MP) are the main components of MRCPs for hand movement (Shibasaki et al., 1980; Ikeda and Shibasaki, 1992) . BP proper is a gradually increasing, bilaterally widespread surface negativity with the maximum over the midline vertex region regardless of the site of movement, beginning about 1.5 sec before the electromyographic (EMG) onset. It is followed by NS', which is a much steeper slope starting about 400 msec before the movement onset, and is characterized by a more localized negativity over the central and vertex areas contralateral to the movement (Shibasaki, 1993) . This in turn is followed by MP, which is a small negative peak localized at the same region as NS', and starts at 50 to 60 msec before the EMG onset. MRCPs have been studied in association with the movements of finger, hand, and foot, prior to biting (Nakajima et al., 1991) , lip movements (Wohlert, 1993) , and tongue protrusion (Ikeda et al., 1995) .
In the present study, we recorded MRCPs associated with deliberate open, close, right, and left jaw movements to investigate the cortical mechanism underlying the control of human voluntary mandibular movement.
MATERIALS & METHODS
Ten healthy male subjects, aged 25 to 34 yrs (average, 30.6 yrs), and all righthanded according to the Edinburgh inventory (Oldfield, 1971) , were evaluated in the present study. The purpose of the experiment was explained to the subjects, and all of them gave informed consent. The experiment was conducted in accordance with the Declaration of Helsinki and was approved by the Ethical Committee of Kyoto University. The order of opening, closing, and lateral (right and left) movements was randomly selected. Each subject sat in a comfortable chair and was asked to make brisk movements (one of the four kinds of movements) at a selfpaced rate of approximately once every 10 sec, while focusing on a visual target placed about 1.5 m in front of him. The subject was trained before the experiment until each of the four movements could be performed satisfactorily for an accurate, reproducible point to be obtained. One of the four movements was repeated in succession until 50 trials were automatically recorded (EEGER, EEG Evoked response, Cambridge Electronic Design, UK). Then, the next movement (one of the other three movements) was repeated similarly. After each of the four movements was recorded 50 times, the second session was held for each movement in the same fashion.
To confirm whether the subjects performed the experimental movements correctly, we recorded three-dimensional mandibular movements using a Mandibular Kinesiograph (MKG K6 Diagnostic System, Myo-tronics, Seattle, WA, USA) (Yoshida, 1992 (Yoshida, , 1999 . So that the lateral preference of chewing could be detected, the subjects chewed one piece of gum, and visual inspections were done of either rightor left-side bolus placements (Christensen and Radue, 1985) . In all subjects, the preferential chewing side was right. EMGs were recorded from the masseter muscle and the anterior belly of the digastric muscle on the right side by means of a pair of silver-silver chloride cup electrodes. Masseter EMG was used as the trigger point for mouth-closing movement. Digastric EMG was used for mouthopening and lateral movements, because the lateral movement accompanies mouth-opening, and the anterior belly of the digastric is similarly activated (Yoshida, 1992 (Yoshida, , 1999 . Electroencephalograms (EEGs) were recorded with 11 silver-silver chloride cup electrodes fixed on the scalp with collodion, according to the Intemational 10-20 System (F3, Fz, F4, T3, C3, Cz, C4, T4, P3, Pz, and P4) with a band-pass filter of 0.05 to 100 Hz (BIOTOP 6R-12, San-ei, Japan). Each electrode was referred to linked ear-lobe electrodes. Electrooculograms (EOGs) were recorded from an electrode placed at the lateral lower canthus of the right eye with reference to another electrode above the nasion.
All data were digitized with a sampling rate of 200 Hz and stored for off-line analysis. We obtained MRCPs for each session of each movement by averaging the EEG, using the EMG onset (the masseter muscle for closing movement, the digastric muscle for the other three movements) as the reproducible point (EEGER, EEG Evoked response, Cambridge Electronic Design, UK) (Yoshida et al., 1997 ) that is, EEGs, EOGs, and rectified EMGs were displayed on the screen, and the precise onset of the rectified EMG was visually determined and used as a trigger for back-averaging (Barrett et al., 1985) . During this procedure, samples contaminated with artifacts such as eye movements or EMG were completely rejected. After confirming the reproducibility of waveforms among two like sessions of each movement by superimposing them by the computer, we obtained a group average waveform by averaging the data of those two sessions.
The EEG segments from 3.0 to 3.5 sec prior to the EMG onset were averaged and used as a baseline for each channel. Amplitude of BP/NS' (BP and NS' combined) at each electrode was measured from the baseline at the time of EMG onset. The onset of BP was determined by computer algorithm (EEGER, EEG Evoked response, Cambridge Electronic Design, UK) on the waveform obtained at Cz as the consistent take-off point from the baseline of a smoothed curve extrapolated from the raw data. The NS' onset was defined as the inflexion point of this curve to a steeper slope, also at Cz.
Finally, a grand average for each movement was obtained across all subjects. Topography of the cortical potentials was determined as isopotential maps based on the grand average waveforms for each movement (Microsoft Excel®, Microsoft
Corporation, Redmond, WA, USA). The t test with a Bonferroni correction and the analysis of variance (ANOVA) were used to assess the statistical significance of differences.
RESULTS
A total of 1000 trials for each movement was recorded by all the subjects. After rejection by back-averaging procedure, the number of recordings was 960 for mouth-opening, 965 for mouth-closing, and 920 and 932 for left and right movements, respectively. Grand average waveforms of MRCPs across all subjects for each movement are shown in Fig. 1 . Between 1.5 and 2.0 sec preceding the EMG onset, a gradually increasing, bilaterally widespread negativity was observed diffusely, with the maximum at the Cz electrode, although the onset of the potentials could not be clearly identified. The negative slope (NS') occurred 300 to 700 msec before the movement onset.
The motor potential (MP) could not be assessed due to artifacts arising from the EMG of the masticatory muscles and to movement artifacts just after the movement onset.
Amplitudes Fig. 2 compares the mean BP/NS' amplitudes in the four kinds of movements, measured from the baseline at the Cz electrode at the EMG onset. Amplitude was significantly higher for the left lateral movement (6.1 + 1.0 ,uV) than for the mouthopening (3.8 ± 1.3 gV, p < 0.05, ANOVA) and the mouthclosing (1.5 + 1.7 gV, p < 0.002, ANOVA). Mean amplitude for the right lateral movement (5.3 ± 2.5 gV) was significantly higher than that for the mouth-closing (p < 0.008, ANOVA). Distribution Fig. 3 shows the mean BP/NS' amplitudes at all electrodes for each movement. The amplitude is maximum at Cz for all four kinds of movement. The topographic map of BP/NS' is shown in Fig. 4 . The isopotential map of BP/NS' for mouth-opening and -closing showed a symmetrical distribution over the head. In contrast, that for the left lateral movement revealed a predominance in the left hemisphere; the mean amplitude at T3
(2.3 ± 1.5 gV) was significantly higher than that at T4 (0.5 ± 0.55 ,uV) (p < 0.03, t test). Right lateral movement showed higher amplitudes over the right hemisphere (0.81 ± 0.97 ,uV at T3 and 1.7 ± 1.2 tV at T4), although the difference did not reach statistical significance (p = 0.25). Vertical bars indicate standard deviation. The mean BP/NS' amplitudes are significantly higher (ANOVA) for the left lateral movement (6.1 ± 1.0 pV) than for the mouth-opening (3.8 ± 1.3 pV) and mouth-closing (1.5 ± 1.7 pV), and that for the right lateral movement (5.3 ± 2.5 pV) is significantly higher (ANOVA) than that for the mouth-closing.
DISCUSSION
The present study showed a gradually increasing, bilaterally widespread surface-negative potential preceding the voluntary, self-paced mandibular movements. This is the first report on the differences in distribution and amplitude of MRCPs associated with voluntary mandibular movements. Its amplitude reached the maximum over Cz. Very slow glossokinetic potentials as well as other speech-muscle activities may resemble MRCPs, because these occur before the onset of tongue protrusions or vocalizations (Gr6zinger et al., 1977 (Gr6zinger et al., , 1980 Brooker and Donald, 1980) . Recent studies reported MRCPs in association with vocalization, by methods carefully designed to exclude artifact contamination by speech-muscle activities and glosso-kinetic potential (Deecke et al., 1986; Ikeda et al., 1995) . It is uncertain whether such artifacts are observed prior to mandibular movements. Ikeda et al. (1995) proved the presence of MRCPs associated with tongue protrusion, recording artifact-free potentials from chronically implanted subdural electrodes. The possibility of contamination by such artifacts was excluded in the present study.
Our results are comparable with those of studies that identified MRCPs in association with finger, hand, and foot movements, which consist of BP proper, NS', and MP (Kornhuber and Deecke, 1965) . The results obtained from subdural electrodes indicated that the BP proper occurs in the bilateral hand primary and supplementary motor areas preceding unilateral hand movement, but that later components (NS' and MP) become localized to the contralateral motor area (Neshige et al., 1988 ). In the present study, the topography of the whole pre-movement negative shift (BP/NS') in mouth- Figure 3 . Mean BP/NS' amplitude at each electrode of all subjects (n = 10) for the four kinds of movements. Vertical bars indicate standard deviation. The amplitudes are generally higher for the lateral movements than for the mouth-opening or mouth-closing, and the mouth-closing shows the smallest amplitude. Each movement shows a symmetrical distribution of BP/NS', with the mqximum at the Cz electrode.
opening and -closing showed a bilaterally symmetric distribution. This is probably because the motor areas on both sides are active for this movement. Nakajima et al. (1991) reported that the BP and NS have been recorded prior to clenching, and the amplitudes were largest (8-9 gV) in the ipsilateral temporal areas. But it is unclear whether the artifacts due to temporal EMG on the biting side could be completely excluded. The mouth-closing in the current study involved not biting but closing from the rest position to the intercuspal position. The amplitudes in the temporal areas were much smaller, and the vertex region showed the highest amplitude. On the other hand, the map of BP/NS' for the lateral mandibular movements revealed a tendency of predominance over the ipsilateral hemisphere, although it was maximal at Cz.
For the lateral mandibular movements, the inferior head of the lateral pterygoid muscle contralateral to the direction of movement pulls the condyle forward, downward, and medially, while the ipsilateral posterior temporal muscle holds the ipsilateral condyle. The function of the lateral pterygoid is kinetic and isotonic, and that of the temporal muscle is tonic and isometric. This difference of activation might be responsible for the asymmetric amplitudes of BP/NS' at the temporal regions, although the precise mechanism is unknown. Despite the lack of significant difference, the mean amplitude of BP/NS' was higher in the left than in the right lateral movement. All the subjects in the present study showed the right as the preferential chewing side, and it is likely that nonhabitual left lateral movements required a longer preparatory period than did the preferential right lateral movements. Further experiments with firm control of movements are required for identification of the mechanisms concerning differences in distribution and amplitude for lateral movements.
The amplitudes of negativity at movement onset were approximately 8-9 gV for biting movement (Nakajima et al., 1991) , 5-6 ,uV for lip movement (Wohlert, 1993 . Isopotential maps of BP/NS' associated with four different kinds of movements for all subjects (n = 10), all involving the masticatory muscles. The maps for the mouth-opening andclosing show a symmetrical distribution over the head. In contrast, the maps for the lateral movements reveal a predominance over the hemisphere ipsilateral to the direction of the movement, although the amplitude is maximum at Cz. movement (Kornhuber and Deecke, 1965) , 7-10 pV for vocalization (Deecke et al., 1986; Wohlert, 1993) , and 10-15 pV for foot movement (Kornhuber and Deecke, 1965; Shibasaki et al., 1981) . The mean amplitudes of BP/NS' for the mouthopening and -closing in this study were lower than those of other movements, and amplitudes for lateral movements were comparable with those for lip movement (see Fig. 2 ). Many studies demonstrated that BP was influenced by the complexity of movement: The more difficult the task, the larger was the amplitude of BP. The complexity of a movement may be related to the number of muscles and joints utilized (Kitamura et al., 1993) , the sequence of activation (Benecke et al., 1985; Simonetta et al., 1991) , the precision or attention (Kristeva, 1984) , and the novelty or unfamiliarity of the movement to the subject. Mouth-opening and -closing are frequently used stereotyped movements as compared with finger or hand movements, which were previously used for MRCP recording.
The lateral movements in this study are far less familiar to the subjects than finger or hand movements. Novelty or unfamiliarity may be an important factor that determined the BP/NS amplitude in the present study. Familiar or semiautomatically performed movements such as mouth-opening and -closing are associated with smaller MRCP amplitudes, which 08558083, and on Priority Areas 08279106 from the Japan Ministry of Education, Science, Sports and Culture, and by the Research for the Future Program from the Japan Society for the Promotion of Science JSPS-RFTF97LO0201 for H.S.
Grozinger B, Kornhuber HH, Kriebel J (1977) . Human ccrcbral potentials preceding speech production, phonation, and movements of the mouth and tongue, with reference to respiratory and implies more contributions from subcortical mechanisms as compared with those in novel movements.
In conclusion, this study demonstrated cortical potentials related to the basic, deliberately performed opening, closing, right-lateral, and leftlateral mandibular movements, and that the amplitude of these potentials in terms of the Bereitschaftspotential (BP proper) and the negative slope (NS') differed significantly between and among some of the movements. Hence, the BP/NS' amplitudes for lateral movements tended to be larger than those for opening and closing. In addition, we observed a tendency for predominance in the ipsilateral hemisphere during rightand left-sided movements, whereas the side-to-side distribution was symmetrical during opening and closing. However, further experiments with firm control of the magnitude and velocity of the different movements are needed to demonstrate the mechanisms and location of the underlying cortical control mechanisms.
